• relative rotations between sheets) differs electronically from isolated graphene due to the broken symmetry introduced by interlayer bonds forming between only one of the two graphene unit cell atoms. A variety of experiments have shown that non-Bernal rotations restore this broken symmetry; consequently, these stacking varieties have been the subject of intensive theoretical interest. Most theories predict substantial changes in the band structure ranging from the development of a Van Hove singularity and an angle dependent electron localization that causes the Fermi velocity to go to zero as the relative rotation angle between sheets goes to zero. In this work we show by direct measurement that non-Bernal rotations preserve the graphene symmetry with only a small perturbation due to weak effective interlayer coupling. We detect neither a Van Hove singularity nor any significant change in the Fermi velocity. These results suggest significant problems in our current theoretical understanding of the origins of the band structure of this material.
I. INTRODUCTION
Multilayer epitaxial graphene (MEG) grown on the SiC(0001) (C-face) is now known to have a highly-ordered non-Bernal (non-AB) stacking, where adjacent graphene planes have commensurate relative rotations that are not 60
• . 1,2 These commensurate rotations lead to large supercells [as shown in Fig. 1(a) ] that are seen in STM images of MEG films [see Fig. 1(b) ]. These STM viewed supercells are often referred to as "Moiré" patterns.
Since the discovery of C-face MEG films, the effect of this new graphene stacking on the band structure of these films has been the subject of active experimental and theoretical study. The earliest ab-initio calculations for a large-angle commensurate graphene bilayer rotation (32.20
• ) predicted essentially no effect on the graphene band structure near the K-points of either graphene sheet. 1, 3 In other words, the band structure consists of two independent but rotated Brillouin Zones (BZ) as shown in Fig. 1(c) where nearby Dirac cones from the two sheets at K and K θ do not interact as shown in Fig. 2(a) . This prediction has been borne out in a number of experiments on MEG films. Electron transport, 4 infrared adsorption spectroscopy, 5 angle-resolved photoemmision (ARPES), 6, 7 and scanning tunneling spectroscopy (STS) 8 all show that the graphene sheets in these films behave nearly identically to electronicallyisolated graphene sheets. Numerous theoretical treatments for rotated graphene bilayers, however, have predicted more dramatic effects in the band structure of these films. Continuum approximations to a tight-binding model, 10 as well as full tight-binding (TB) and ab inito calculations on small angle commensurate graphene bilayers, 11 predict a substantial decrease (renormalization) in the Fermi velocity, v F , near the K-point (Dirac point). In these calculations the interlayer interaction causes the wave functions in the graphene sheet to become highly localized for small relative rotations of the bilayer.
11 These localized states have a reduced v F that is exceptionally small when the relative rotation is less than 3
• -less than 25% of the value for an isolated graphene sheet. This velocity reduction occurs in an energy window, ∆EK , defined as the energy difference between the Dirac point energy (i.e. at the Kpoint) and the energy where the two rotated Dirac cones cross (the M ′ -point) [see Figs. 1(c) and 2(b)].
11,12
In addition to the velocity renormalization, Lopes dos Santos, et al. 10 have also predicted that the interlayer interaction leads to an angle dependent Van Hove singularity in rotated bilayers. The singularity appears where the Dirac cones from the two rotated layers cross at the In this work, we use high resolution ARPES to directly measure the band structure of commensurate rotated graphene sheets. These experiments conclusively show, despite the theoretical predictions for large reductions in v F and the development of a Van Hove singularity, that commensurately-rotated graphene sheets show no significant deviations from the linear band structure of graphene. Measurements on many samples and many relative rotations, from both thick and thin films, show that the band structure of MEG films remains nearly identical to that of an isolated graphene sheet.
II. EXPERIMENTAL
The substrates used in these studies were n-doped n = 2 × 10 18 cm −2 6H-SiC. Samples were grown in a closed RF induction furnace using the Controlled Silicon Sublimation (CSS) method.
14 The samples were transported in air before introduction into the UHV analysis chamber. Prior to ARPES measurements the graphene films were thermally annealed at 800
• C in UHV. Sample thickness was measured by ellipsometry.
16 ARPES measurements were made at the Cassiopée beamline at the SOLEIL synchrotron in Gif/Yvette. The high resolution Cassiopée beamline is equipped with a modified Peterson PGM monochromator with a resolution E/∆E ≃ 70000 at 100 eV and 25000 for lower energies. The detector is a ±15
• acceptance Scienta R4000 detector with resolution ∆E < 1meV and ∆k ∼ 0.01Å −1 athω = 36 eV. All measurements were carried out at 4K. The total measured instrument resolution is (∆E < 12meV).
III. RESULTS
To understand subsequent ARPES data, we first review how commensurate rotations determine the band structure of rotated graphene. Using the notation of Mele, 17 a commensurate rotation is determined by the supercell vector a = mt 1 + nt 2 , where m and n are integers and t 1 and t 2 are the unit cell vectors of graphene. The commensurate relative rotation of the two sheets is determined by integers m and n; cos θ = (4mn + n 2 + m 2 )/2(m 2 +n 2 +mn). In reciprocal space the commensurate supercell forms a small Brillouin Zone (BZ) defined by the two reciprocal lattice vectors G 1 and G 2 defined by;
where c = m 2 +n 2 +mn and Q g1 and Q g2 are the reciprocal lattice vectors of the unrotated graphene. This leads to a supercell rotated by an angle φ relative to Q g1 ; cos φ = (m+n/2)/ √ m 2 + n 2 + mn. The reciprocal space picture then consists of two graphene BZs with a relative rotation θ as shown in Fig. 1(c) .
Because the two sheets are commensurate, the Kpoints of the two BZs can be connected by linear combinations of commensurate supercell reciprocal lattice vectors, i.e. G ≡ pG 1 +qG 2 , where p and q are integers.
12 Depending on the symmetry of the supercell either 17 ), but not both simultaneously [see Fig. 1(c) ]. 12 The G vectors are related to the rotation angle by
Where
Without considering interactions between sheets in a bilayer, the adjacent Dirac cones at K and K θ are simply interleaved cones as shown in Fig. 2 
(a).
Going beyond independent graphene sheets is the subject of many theoretical works. For small rotation angles Lopes dos Santos, et al. 10 have made an analytic solution to the tight-binding model for small relative rotations. They use a continuum approximation to describe the large range of interlayer bonding geometries in the large supercells that result from a relative rotation. By assuming that the interlayer hopping has a long wavelength nature so that the coupling between different valleys (K and K ′ ) can be ignored, they treat the interlayer coupling as being uniform. This calculation predicts two observables. First, the two nearby cones separated by G re-hybridize to form a distorted single cone with a Van Hove singularity (saddle point) halfway between the two K and K θ -points as shown in Fig. 2(c) . The second prediction is that the Fermi velocity slows to a renormalized value,ṽ F , that scales with rotation angle approximately as,
wheret ⊥ is the interlayer hopping parameter for the rotated bilayer. For small rotations anglest ⊥ is assumed to be independent of angle (t ⊥ ∼ 0.4t ⊥ , t ⊥ ∼ 0.3eV).
18 While Eq. 3 overestimates the reduction in v F below ∼ 2
• , both full TB and ab initio calculations confirm the continuum approximation prediction that the renormalized velocity goes to zero very fast at rotation angles less than 4
• .
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Both the existence of a VHS and a renormalized v F can be tested by directly measuring the band structure of MEG films. To make such comparisons, the band structure from rotated commensurate graphene sheets with known relative rotations must first be identified. We now describe exactly how commensurate rotation angles are measured in ARPES.
Within the detector area of an ARPES measurement athω = 36eV, Dirac cones from graphene sheets with relative rotations angles of ±15
• are visible. Some of the visible cones come from different uncorrelated rotated domains, i.e from a continuous graphene film that has an induced rotational boundary, ∆φ, caused by pleats in the graphene or by substrate step edges, etc. that are within the 30µm beam diameter. To distinguish the commensurate pairs formed by stacked rotated graphene sheets from incoherent pairs formed from pleats and steps, etc., we take advantage of the fact that in ARPES the photoemitted electron can diffract from the local surface structure. If there is no superlattice, as in the case of cones from two incoherent rotational domains, there will be no diffraction. On the other hand if the cones are from a coherent bilayer pair that form a superlattice, additional replica cones caused by diffraction will be visible in ARPES. This diffraction effect has been nicely demonstrated for graphene grown on the Si-face of SiC where a (6 √ 3 × 6 √ 3)R30
• superstructure causes replica Dirac cones at G-vectors relative to the main graphene Dirac cones [see Refs. 19 and 20] . In the case of C-face graphene, the APRES signature of two stacked commensurately rotated graphene sheets will not only be the two primary Dirac cones but will also include replica (diffraction) cones positioned at ±G relative to either of the pri -FIG. 3. (a) The band structure near the K-and K θ -points (kx = kΓK) of two closely rotated planes (marked by arrows). ky is perpendicular to the Γ−K direction. The relative rotation angle between the two cones is 4.2
• . (b) a schematic of the BZ of two rotated graphene sheets with a blowup near the K and K θ points. Two different detector planes (dashed arcs) are shown cutting through the Dirac cones and their replicas at ±nG. Note that the constant energy cuts through the cones are not full circles as described in text. (c) a similar ARPES scan of (a) but taken at a detector cut slightly closer to the Γ point. Data is plotted on a log scale to show the supercell G-replicas band (R) (marked by a third arrow).
mary cones [ see Fig. 3(b) ].
An example of how a commensurate pair is identified is shown in Fig. 3 . Figure 3 (a) shows a MEG band structure measured by ARPES near the graphene K-and K θ -point of two closely spaced Dirac cones (∆k y = 0.124 ± .005Å, (k x = k ΓK ). The two cones are identified as being part of a commensurate rotated pair as demonstrated in the log intensity plot of Fig. 3(c) . The data is plotted in a log scale because the diffraction cross-section of the photo-electron is weak. This makes the replica intensity significantly smaller compared to the primary cones.
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The k x distance to the Γ point in Fig. 3(c) is slightly reduced relative to the image in Fig. 3(a) to enhance the replica's intensity [see Fig. 3(b) ]. The replica cone R (marked by a third arrow in Fig. 3(c) ) has the same separation from the K point as the K point is from the K Θ point. Note that because the detector plane is not exactly perpendicular to the ΓK direction and because constant energy cuts through the cones are only partial circles, 20 replicas appear more intense in the +k y direction. Using Eq. 2, the G-vector connecting the pair of Dirac cones in Fig. 3(a) allows us to find the relative rotation of the two sheets to be 4.15 ± 0.07
• . Note that the k y -width of the bands is resolution limited (∼ 0.01Å −1 ), indicating that the supercell domain size is well ordered over a length scale of 800Å.
We can be more restrictive in how we identify commensurate rotations. In a commensurate pair, one of the graphene pairs must lie below the other. At the photon energy used in these experiments, the electron mean free path, Λ, is only 3.4Å (approximately the graphene interlayer thickness). 21 This means that one cone in a pair should have relative intensity that is ∼ 40% of the most intense cone in the pair. For the analysis used in the work, we analyze only commensurate rotated pairs identified by both the existence of a related replica cone and that the two cones have the proper relative intensity for bilayers.
We have used ARPES spectra from similar cones pairs as that shown in Fig. 3 to investigate predictions for velocity renormalizationṽ F . The Fermi velocity is derived from the slope of Dirac cones for relative rotations as low as 1.1
• , for multiple samples, and for film thicknesses ranging from 3-10 layers. All velocities were measured in an energy window between E D and the energy where the pair of cones cross (the M ′ -point in Fig. 1] . The results are plotted in Fig. 4 .
It is clear from Fig. 4 that no significant velocity changes are observed even for the smallest measured rotation angles, where the velocity has been predicted to be 50 times smaller than the velocity for isolated graphene. It must be pointed out that no cones, regardless of wether or not replica cones were visible, had any detectable velocity renormalization. The average v F for all measured cones from several samples and graphene thicknesses is 0.99 ± 0.05 × 10 6 m/sec. Within error bars, the measured v F is consistent with values obtained for exfoliated graphene 22 and from both IR measurements 5 and STS 8 on MEG films. While the predicted velocity renormalization is a problem by itself, we are also able to show that no Van Hove singularity forms at the M ′ -point between the two cones [shown schematically in Fig. 2(c) ]. Figure 5 shows two detailed view near the crossing of two commensuratelyrotated cones. The cones cross as straight lines with no singularity at the crossing (i.e, the M ′ -point). The expected TB dispersion with VHS is drawn in Fig. 5 FIG. 4 . Comparison of the measured vF (•) versus the predicted renormalized velocityṽF as a function of relative rotation angle. Solid line is the approximateṽF from Ref. [10] . △'s are the low angle correctedṽF from a full TB calculation.
11 Dashed line is the average velocity vF for all measured Dirac cones.
for clarity. To within the experimental energy and momentum resolution, we can say that the crossing is an undistorted intersection of two linear bands. Numerous samples and cones have been measured and no VHS are observed even for small angles like those in Fig. 5(b) ; precisely where the continuum model should be most appropriate. Furthermore, no increase is observed in the integrated spectral density (proportional to the density of states) at the crossing that would indicate a change in ▽ k (E) [this is discussed in more detail in Sec. IV]. The experimental uncertainty places an upper limit on the size of a possible gap at the crossing to be less than 60meV. While this is well below predicted values for a the Van Hove singularity of Lopes dos Santos, et al., 10 the uncertainty does not rule out the small gaps predicted to occur for a class of rotations with weak interlayer coupling.
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IV. DISCUSION
The ARPES measurements presented in Sec. III clearly demonstrate serious inconsistencies between the calculated and experimental band structure from commensurately rotated graphene sheets. Both the predicted Van Hove singularity and renormalized Fermi velocity are not observed, even for small relative rotations. While we cannot offer definitive reasons for the differences between current theory and these experiments, we can provide additional data that places limits on any model that may be used used to reconcile these differences.
First, it must be emphasized that surface effects cannot be the source of the inconsistency between theoretical predictions for v F and the values measured in these experiments. This is because, even in thick MEG films (10−40 layers), infrared absorption experiments measure the same velocity. • commensurate graphene pairs. The dashed line is the predicted band structure with a Van Hove singularity from a continuum TB model. 10 Note that the cones are hole doped by ∼ 15meV.
fer in the energy range where the renormalized velocity prediction is expected to be valid. More rigorous calculations, beyond first order expansions to a TB model, predict that at k-values larger than the first supercell BZ, the velocity should return to the isolated graphene value -assuming no Van Hove singularity forms at the M ′ -point. 12 To ensure that the experimentally measured velocities are analyzed in an energy region valid for all models, we need to choose a minimum energy below the Dirac point where measured velocities are insured to be valid. The predicted renormalizedṽ F should be exact along the ΓK direction within the first BZ of the commensurate supercell. 11, 12 The energy window below the Dirac point is then set by ∆K θ andṽ F ; ∆E ΓK =hṽ F |∆K θ |. A more restrictive window would be to use the energy of the band at the cone crossing M ′ -point [see Fig. 1(c) ], ∆E KM . Using Eq. 3, the energy where the renormalized band intersects the M ′ -point would be:
We plot the normalized slope of the Dirac cones, velocity reduction are marked for each rotation angle in Fig. 6 . For the three angles shown, the measured velocity between ∆E KM and E F is always higher than the predicted TB value and nearly equal to 10 6 m/sec. We note that the change in slope close to the Dirac point (∼ 10meV) should not be over interpreted. The energy resolution coupled with the k-resolution (0.01Å −1 ) and the distortion due to the Fermi-Dirac function near E F mean that it is difficult to accurately fit the position of the two converging π bands. A more important observation is that the measured velocity does not go to zero at ∆E KM as it should if there was a Van Hove singularity at the M ′ -point. These results show that if any significant velocity renormalization occurs, it is on an energy scale much smaller than current predictions.
In contrast to this work, a singularity in the dI/dV curves of STS experiments from CVD grown graphene deposited on graphite has been interpreted as evidence of a Van Hove singularity caused by rotated graphene sheets, although no corresponding velocity change has been reported. 23 It is worth noting that there is a significant difference between MEG and graphene on graphite that makes the applicability of all the theoretical models discussed above tenuous for the graphene on graphite system. First, the Moiré patterns of graphene on graphite are not necessarily due to simply sheet rotations. For example, surface graphite Moiré patterns are the result of a mechanically distorted top layer formed during cleaving of graphite.
24 Similar distortions and buckling are seen in depositing exfoliated graphene onto a support substrate. The consensus understanding is that these Moiré patterns are not caused by the relative rotation of a graphene sheets. 24 In other words, it is possible to have a Moiré pattern without rotations. Furthermore, the Moiré corrugation amplitude in graphene on graphite films is typically 1 − 2Å [see Pong and Durkan 24 and references therein]. This should be compared to MEG films where the corrugation is less than 0.2Å, 8, 13 Height modulations that are more than a third of the graphene interlayer are certainly not part of the any of the models discussed above and therefore make a comparison between theories based on flat rotated sheets questionable.
It has also been argued that the lack of a Van Hove singularity in MEG films implies that there is no interlayer coupling (t ⊥ ∼ 0). 23 This conjecture oversimplifies the problem for a number of reasons. First, the coupling must be non-zero otherwise the films would simply delaminate in solution, which they do not. Second, it is theoretically possible in TB to have a coupling and no Van Hove singularity. Mele has recently shown that a certain class of rotation angles (those with SE-even rotations 17 ), while having a non-zero interaction, do not have a singularity at the supercell M ′ -point. 12 Third, recent STS experiments on the fine structure splitting of the zero-Landau level in MEG films indicate that third layer interaction are consistent with TB interlayer coupling parameters.
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V. CONCLUSION
We have shown by directly measuring the band structure of multilayer epitaxial graphene that serious inconsistencies exist between the calculated and experimental band structure from commensurately rotated graphene sheets. Both the predicted Van Hove singularity and the expected large reduction in the Fermi velocity, as the commensurate rotation angle between graphene sheets goes to zero, are not observed, at least not at the dramatic level predicted or in the energy window specified by current theories. Given that these theoretical predictions are broad-based, encompassing both tight-binding and ab intio calculations, the inconsistency between theory and experiment suggests a fundamental process that is not included in current theoretical treatments. It is possible that local strain fields caused by nearly overlapping π-bonds in the commensurate supercell lead to small relaxations that break some of the symmetry of the ideal rotated graphene pair. While such speculations are interesting, they lie outside the scope of this work. Nonetheless, the discrepancies pointed out this work suggest that a detailed look at these problems will be an important theoretical research avenue.
